Lanthanides (Ln) refer to the 15 elements in the first row of the f-block in the periodic table ( Figure   1A ). For their electronic, optical, magnetic and catalytic properties, Ln are extremely important industrial vitamins. 1, 2 Each year, ~100,000 metric tons of Ln are consumed, 3 thus demanding for costeffective analytical tools for monitoring their pollution, recycling, and finding new mineral sources. In this regard, biosensors are attractive for providing fast and on-site information complementary to instrumentation methods.
In water, most Ln exist in the trivalent state (Ln 3+ ). While a few optical and electrochemical sensors for Ln 3+ were reported based on small molecule chelators, they often suffer from poor selectivity and low sensitivity. [4] [5] [6] [7] Chemical probing of Ln 3+ has been a long-standing challenge, since they only differ by the number of inner 4f electrons, which do not directly participate in bonding. In addition, all Ln 3+ ions have the same charge and similar sizes, displaying extremely similar chemical
properties. With 15 of them in the group, discrimination of each Ln 3+ is daunting task for rational ligand design.
Recent work indicates that DNA might be a useful platform for sensing Ln 3+ . [8] [9] [10] [11] [12] [13] DNA contains a phosphate backbone that affords high Ln 3+ binding affinity, while the nitrogen containing nucleobases might help discriminate individual Ln 3+ . 7 Ln 3+ forms complexes with nucleotides, especially with adenosine and guanosine phosphates. [14] [15] [16] GT-rich DNA is particularly effective in sensitized Tb 3+ luminescence. 17 It is however still difficult to rationally design DNA sequences to selectively bind Ln 3+ .
DNAzymes are DNA-based biocatalysts, which require metal ion cofactors for activity. [18] [19] [20] [21] [22] In the past 20 years, RNA-cleaving DNAzymes have emerged to be a useful platform for metal sensing due to their fast cleavage rates and strong metal binding affinity. [23] [24] [25] [26] [27] [28] [29] Using in vitro selection, DNAzymes specific for Na + , 30 Ag + , 31 Pb 2+ , 32 Zn 2+ , 33 Cu 2+ , 34 UO2 2+ , 35 Cd 2+ , 36 and Hg 2+ were isolated. 37 Free Ln 3+ at a few mM concentration can cleave RNA and thus Ln 3+ might be good DNAzyme cofactors as well. In fact, a small Pb 2+ -dependent ribozyme (leadzyme), 38 and the GR5 DNAzyme can 4 both be moderately activated by Ln 3+ . 39 Aside from RNA cleavage, Ln 3+ was also used for assisting other types of DNAzyme reactions. 40, 41 Over the past three years, we have reported four RNA-cleaving DNAzymes, [9] [10] [11] [12] In vitro selection. The methods for in vitro selection, PCR, cloning, and sequencing were previously reported. 9 The only difference was that a different Ln 3+ was used to induce cleavage in each selection.
The selection conditions for each Ln 3+ are in Tables S2-S9 . The selections were stopped at round 5 or 6, where freshly prepared PCR1 products were cloned using the TA-TOPO Cloning Kit (Invitrogen Gel-based assays. DNAzyme activity assays were performed with the FAM-labeled substrate (Sub-FAM, 0.7 µM) and the Gd2b enzyme (or other enzymes, 1.1 µM). The DNAzyme complex was annealed in buffer A (50 mM MES, pH 6.0, 25 mM NaCl) before adding a metal ion solution to induce cleavage. The reaction products were separated on a 15% denaturing polyacrylamide gel (dPAGE) and analyzed using a ChemiDoc MP imaging system (Bio-Rad).
DNAzyme sensor assays. The kinetic studies were carried out using low binding half-area black 96
well plates using a microplate reader (SpectraMax M3). The stock complex was formed by annealing the FAM-labeled substrate and the quencher-labeled enzyme with molar ratio of 1:1.5 in buffer A.
Each complex was further diluted with various concentrations of HEPES (pH 7.6) without additional NaCl. The HEPES buffer concentrations were individually optimized for each sensor: Lu12 (1 mM), Tm7 (10 mM), Gd2b (10 mM), Dy10a (10 mM), and Ce13d (50 mM). 100 L of DNAzyme complex (50 nM) was used for each well. 1 L of metal ion solution was added after 5 min of background reading followed by continuously monitored for at least 30 min with 25 s intervals. To test the sensor array, each DNAzyme was tested with 500 nM of each Ln 3+ (four replicates). The slope in the initial linear region was calculated for each kinetic trace. The data were analyzed using the Canonical Discriminant Analysis software from Origin.
Results and Discussion
In vitro selection. Out of the 15 Ln ( Figure 1A ), Pm is radioactive and thus not studied. Within the remaining 14, we have already selected against seven ions so far. First, Ce 4+ was used with an N50 library (i.e. with 50 random nucleotides, Figure 1B ), yielding the Ce13d DNAzyme that has a similar 6 activity for all the Ln 3+ (but inactive with Ce 4+ ). Figure 1B ) is flanked by two short base paired duplexes, holding the single ribo-adenosine (rA) to its proximity. This RNA linkage is the putative cleavage site since it has much lower stability than the rest DNA linkages. 42 The library was respectively incubated with a Ln 3+ ( Figure 1C , step 1). After incubation, the shorter cleaved sequences were harvested using gel electrophoresis (step 2). Then, two rounds of polymerase chain reactions (PCR) were performed to amplify the cleaved DNA, restore the original library length, and seed the next round of selection. We followed the cleavage yield of each round, and a gradually increased cleavage was observed in all the eight selections ( Figure 1D ). After 5 or 6 rounds of selection, cleavage reached >40% in most cases. At that point, the libraries were cloned and sequenced. Identification of the Gd2 DNAzyme. Nearly 40 well-aligned sequences were obtained for each selection (Tables S10-S17 ). We noticed sequence similarity across the different selections, prompting us to align them together. To better identify DNAzymes that are already known, we also included the sequences from the previous six selections (using Dy 3+ to Lu 3+ ) and aligned all of them together. There are 336 sequences from the N50 library (Table S18 ) and 135 from the N35 library (Table S19) . The sequences from different selections are well mixed, strongly indicating the chemical similarity across the Ln 3+ ions.
Based on extensive alignment and folding analysis of these sequences, we identified only one new DNAzyme from our eight selections in this work, while the rest active sequences belong to one of the four DNAzymes reported previously. This new DNAzyme was named Gd2. In fact, Gd2 appeared only in the Gd 3+ and Tb 3+ selections (highlighted in pink in Table S18 ). The classification of DNAzyme sequences is based on their folded structures and also activity trend cross the Ln 3+ series. For each potential new sequence, we designed a trans-cleaving DNAzyme to test its cleavage activity. Table S20 shows the sequences tested, and some of the examples related to their analysis are shown in Figures S1-S9. Below, the Gd2 is analyzed in detail. Analysis of the Gd2 DNAzyme. The secondary structure of the cis-cleaving Gd2 DNAzyme is shown in Figure 2A (generated by Mfold). 43 The rA in red is the cleavage site and the overall folding agrees with the library design in Figure 1B . To characterize this enzyme, we first truncated the hairpin loop in the green box to generate a trans-cleaving system: the enzyme is the bottom half and is still named Gd2, and the substrate strand is the top half containing the rA. For activity assays, the substrate was labeled with a FAM on its 3-terminus. With this trans-cleaving Gd2, we observed Gd 3+ -dependent cleavage activity, suggesting this is an active enzyme ( Figure 2B , the first lane). To analyze the catalytic core, a few truncations were made. For example, we first replaced the nucleotides in the black box with 'TTTT' (now named Gd2a), and it has slightly enhanced activity ( Figure 2B ). The Gd2b replaces the nucleotides in the blue box with 'TTTT', and the activity further increased, suggesting the truncated nucleotide are redundant. Further shortening the DNAzyme to make Gd2c by deleting the nucleotides in the red box has however abolished the activity. We further made another mutant named Gd2b1 on the basis of Gd2b, where we elongated the three-base-pair stem to five base pairs. This mutant also failed to show activity, arguing against a stem structure at this position.
Overall, Gd2b appears to be an optimal enzyme, and its structure is drawn in Figure 3A . It has a cleavage rate of 0.012 min -1 with 10 µM Gd 3+ ( Figure 2C ). We next measured the activity of Gd2b with different Ln 3+ ions ( Figure 2D ). The highest cleavage was observed with Gd 3+ and Tb 3+ . The activity goes down quickly beyond Ho 3+ , and this trend was not observed previously. Therefore, Gd2b
represents another example to Ln 3+ -dependent DNAzymes. A catalytic beacon for Ln 3+ using Gd2b. After understanding the structure and activity of Gd2b, we next studied its analytical performance. We labeled the 3-terminus of the substrate with a FAM and the 5-terminus of the enzyme with a dark quencher ( Figure 3A , and sequence in Figure S10A ). 44 After cleavage and release of the cleaved fragment, the fluorescence is unmasked. To test whether Ln 3+ can be distinguished from other metals, we measured the sensor response to 16 divalent and trivalent metals.
Other than the positive control Gd 3+ , only Y 3+ and Pb 2+ produced a moderate signal ( Figure 3B ). It is not surprising that Y 3+ is also active since it has the same size as Ho 3+ . Pb 2+ is a known interfering ion for RNA-cleaving DNAzymes, likely due to the unique pKa value of the Pb 2+ bound water. 9, 45 Next, the sensor response to each Ln 3+ was studied ( Figure 3C ). Most Ln 3+ showed a signal except for the last few, which is consistent with the result from the gel-based assay ( Figure 2D ).
Therefore, the sensor signal is the direct result of the cleavage reaction. Next, we used Gd 3+ as a representative target metal since it has the fastest cleavage rate. We measured the Gd 3+ concentrationdependent response ( Figure 3D ). Below 100 nM Gd 3+ , we observed a linear kinetics increase. From these kinetic traces, their initial slopes were plotted ( Figure 3E ). Saturated signal was observed with just 100 nM Gd 3+ , and a detection limit of 14 nM Gd 3+ was achieved based on the signal greater than three times of background variation. . A total of five independent DNAzymes were identified. In addition to the Gd2b discovered in this paper ( Figure 4A ), the secondary structures of the rest four are also presented ( Figure 4B -E). These five DNAzymes account for ~90% of all the sequences we obtained from these selections. Their distributions are color coded in Tables S18-19 . The rest sequences are either inactive or cannot fold into a reasonable secondary structure.
The occurrence of the DNAzymes was plotted in Figure 4F . Lu12 is a dominating sequence ( Figure 4D ), occupying more than 50% of the final selection libraries. It appeared in both the N35 and N50 selections. 11 Dy10a (Figure 4B ) appeared only twice in the Dy 3+ selection. 12 Tm7 ( Figure 4C ) has a simple loop structure and was only observed from the N35 selections. 10 Ce13d is a very popular sequence in the N50 library selections ( Figure 4E ). Ce13d has a similar activity with each Ln 3+ , 9 explaining its widespread existence.
It is interesting to note that out of the 471 sequences, only these five distinct DNAzyme families were identified. It needs to be noted that our classification was based on the conserved sequences and activity trend. extremely similar to each other. As a result, identification of each Ln 3+ has to rely on the subtle differences. 3) They all have a similar secondary structures, allowing a common catalytic beacon signaling method to be used as shown in Figure 3A . With these properties, we aim to prepare a sensor array for pattern-recognition-based detection. Compared with other array strategies for Ln 3+ discrimination, 8 the choice of the sensor molecules here is more targeted since they were selected based on their specific activity, which may facilitate the distinction.
With these five DNAzymes, we might have enough sensors to discriminate each Ln 3+ . To achieve efficient discrimination, each DNAzyme should have a different activity pattern cross the series, and these enzymes can satisfy this requirement. Their gel-based cleavage activities are in Figure   5A . We normalized the data such that for each DNAzyme the most active metal gives a relative yield of sensor-based assays. In (A), the reaction conditions were 1 µM Ln 3+ for 5 min for Lu12 and Dy10a. For the rest, 10 µM Ln 3+ was used with the Ce13d reaction time of 1 h, the Gd2b 2 h, and the Tm7 1 h. The reactions in (B) were all with 500 nM Ln 3+ . For each DNAzyme, the metal induced fastest cleavage was assigned a value of 1 and the other metals were normalized linearly accordingly. The signaling rate for Gd2b was collected at 40 min, while the other sensors were measured at 10 min.
Pattern recognition based sensing. Based on the above assays, it might be possible to distinguish different Ln 3+ using a sensor array strategy. 46 This 'DNA tongue' relies on the combined response of each sensor to the different ions. For this purpose, we used the five sensors with sequences shown in Figure S10 . Four of them have been previously fully characterized, and fifth one was studied in this work. We chose to use a metal ion concentration of 500 nM to achieve a fast and stable signaling rate.
Since all the sensor responses are saturated at 500 nM Ln 3+ , the sensor response is less affected by slight variations in the Ln 3+ concentration near this region.
For each sensor, we picked the linear region around 10 min to obtain the rate of fluorescence enhancement (except for the Gd2b sensor whose rate was calculated at 40 min). Eventually, all the Ln 3+ will produce a similar final fluorescence after cleavage is completed. Our choice of the detection time was to maximize the difference between different Ln 3+ . The sensor responses are plotted in Figure 5B .
In general, the trends agree with that in Figure 5A . There are a few inconsistencies though, which is likely due to the different assay conditions. For example, the gel-based assays in Figure 5A were based on a single time point, while the sensor response in Figure 5B was from the combined kinetic response of DNAzyme cleavage followed by release of the cleaved fragment. In addition, the DNAzyme and lanthanide concentrations were also different. Our array analysis was based on the sensor data in Figure   5B .
The raw data have five dimensions based on the five sensors (Table S21) . To reduce dimension, linear discriminant analysis (LDA) was performed on the 14 Ln 3+ using 12 sets of data. With this, we obtained a canonical score plot ( Figure 6A ). Interestingly, the Ln 3+ ions are separated into two groups:
the first seven light Ln 3+ and the last seven heavy ones reside on the two sides of the dashed line. At the dashed line, the canonical variable 1 is zero. Using these LDA parameters, we calculated the positions of other metals ( Figure 6B ). Y 3+ is in a unique spot, while Pb 2+ and other metals stand at the lower left corner, all well separated from the Ln 3+ .
Separation for each Ln 3+ , however, is not ideal based on Figure 6A . This can be improved by reducing the group size. A reasonable way to achieve this is to first judge whether it is a light or heavy Ln 3+ based on Figure 6A . Then a second analysis is used for its further identification. For example, by just using the seven heavy Ln 3+ , we achieved effective separation except for Dy 3+ and Tb 3+ , which are right next to each other ( Figure 6C ). It is interesting to note that the spots are arranged in a counter-clockwise order according to the atomic number of the Ln 3+ . Similarly, the light Ln 3+ were also separated much better in the second analysis except for Pr 3+ and Nd 3+ ( Figure 6D ). based on each subgroup. In these two plots, instead of using the 14 Ln 3+ ions altogether, only 7 of them were used each time.
Further discussion. Biosensors often rely on highly specific ligands such as antibodies and aptamers, where the goal is to achieve the highest possible selectivity towards specific target analytes.
Alternatively, less selective ligands can form an array for pattern recognition, which has the advantage of being more adaptive. Our noses and tongues are such examples. Artificial pattern recognition sensors have been demonstrated with many receptors such as polymers, 47 small molecule dyes, 48 functionalized nanomaterials, 49, 50 and DNA. 8, 51 In this work, we used Ln 3+ -specific DNAzymes for pattern-recognition-based detection. We reason this approach might be more efficient than using random DNA sequences or other rationally designed polymers.
Compared to other arrays, this study highlights some advantages of DNAzymes. Using combinatorial selection, the molecular recognition property of DNA can reach its full potential. For synthetic polymers, it is sometimes difficult to reach true multi-dimensional recognition based on rational design. The potential of sequence-defined polymers is more and more appreciated, and DNA is such an example. 52 Starting with 10 14 random but well-defined sequences, the subtle difference in the size of Ln 3+ , pKa of bound water, and other properties (we may not yet aware) can be maximally probed and expressed in a general final readout platform: DNAzyme beacon. Finally, the DNAzymes allow for ultrahigh (low nM and even pM) sensitivity. With these five DNAzymes, we have made a preliminary demonstration at one metal concentration of 500 nM. Identification of individual Ln 3+ in more complex situation remains challenging. This might be solved by incorporating more sensor components and other properties of Ln 3+ , such as their magnetic and luminescent properties. By using Ln 3+ for other DNAzyme reactions, we may also achieve further distinction.
The current discussion is centered on Ln 3+ , which is probably the most difficult part of distinction metal ions in the periodic tables. Outside Ln 3+ , many metal analytes are also of environmental and biological importance. DNAzymes sensitive to many of these metals have already been reported. 24 Combined with these metal-specific DNAzymes and aptamers, it might be possible to construct a much larger sensor array to discriminate more metals in the periodic 
